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ABSTRACT 


A nuclear magnetic resonance (NMR) study was carried out on 
adenosine 5'-triphosphate (ATP) and inosine 5'~triphosphate in the 
presence of the paramagnetic metal ion gadolinium (III). Phosphorus-31 
transverse ar iy and longitudinal ays relaxation times due to the 
paramagnetic metal ion were obtained for both nucleotides as a function 
of temperature. These data were then compared with those for a transition 
metal ion - nucleotide system (Mn(I1)-ATP) where an interaction with 
both the adenine ring and the triphosphate chain has been observed. 
ic data show that for the gadolinium (III) ATP and ITP complexes there 
is no ring interaction. The temperature dependence ae mis and ps for 
the Zip nuclei also differs in form from that observed for the manganese 
(II) systen. 

A kinetic study was carried out on the Gd(III)-ITP system. 

The data can best be analysed by postulating a Gd(ITP)., species in 


solution, since a simple 1:1 Gd(ITP) complex cannot explain the observed 


effects. 


Le ng sasha ot Ty wa? ait st i is . La 7 a 


Ss a3 aK tes bs weve ao eet ta cn 
cainaahl ‘es vuhiasghave Asef zu} _seere: ery: hn 0 
wtpeurnits nm gt ascit: 1 ba hey ithe te dae eam ita 
tiv -spA bared ‘He PEE 4 Tam OO at awooeu sabi te 
oe and aa tals arectqdeia we ie ele soteubm a 
<petetty “ab tits ATA to 7 “a hea veh ate vod: ae 
rot dete Pe sienna Pere re sis id . —Bibksomioe gue, ans 
ee pis eel SAVY GeO er inh ® ss al ‘att: ene. ith paso th 


a1 ot ane aN 
a 


* 


5 ; 
Pty (EET Gate nd POE daw, wate | pad ie 
| . A 
hvala -~¢ WTI ¢ red. FC 0 OI boar oats’ ad ae em coe 
L2e4 Hc wise ory 40 4. 2lhrNoD (HRT Vie vr als ania % aoabe af 


ACKNOWLEDGEMENTS 


I would like to express my grateful thanks to all of the 
following: 

Dr. G. Kotowycz for his guidance and help during the course 
of this research. 

Drs. G.P.P. Kuntz and Y.F. Lam for their invaluable 
discussions and suggestions. 

Dr. R.B. Jordan for his assistance in obtaining the multiple 
frequency spectra. 

Dr. D. Rabenstein for his suggestions after proofreading 
the initial manuscript. 


Mrs. Sandra O'Shaughnessy for the typing of the manuscript. 


wits on te de yet tana oh ie a 


aa ae “—% | ees PLN oe 
semen Bit get oe Fate achat — are inet * 
ai the Seavert Shei aed iad ae 


' i * 


git ns 53 sy Ss he ROS Fie ees ais! 909 beta, 7 wt 


fa \ 
y : mi 
anions fos; 
cM 2D io aner> wild rot yeder suid’ sebaae oct 
' 
wy ‘ : 


TABLE OF CONTENTS 


CHAPTER 

ONE INTRODUCTION eeooe @eeeceeocoeceee#3##t © 6 @ @ecoe eooeee3eoeoeee2ee#e7e#e8ee3nke @ @ 
TWO THEORY crcvetict ote: sicuelete e@eee?ee ooe eoeee:#s:e#@ eoeeeseseoeoeeesteseeeoeeeeeeseeeoe 
Transverse Relaxation... BME chal oat o ia tales) oNste Acc. Shekels tes 
Longitudinal Relaxation........... eee jetta, eyeleynie Fe 
THREE EXPERIMENTAL eooee @eeo0ees2tr¢6ee08e0 @eee5eesdoe? e ceoeeoee7e*eeoeees#es e@eeoe3eseee 
Preparationvof Solutions. ....,.... OSS BOT te ae 
NMR GEXDErIMeENES. cic cists sao css «sie sis'0 eisiesieis esis's cleinte 
(a) Phosphorus T, Meactir ements aiiccujee bese 
(b) Phosphorus Ty Mea'surements 2c. o's «ss o's e's s 
(c) Carbon T, Measurements..... Bie oa lotstin clas 'atets 

(d) Phosphorus Multiple Frequency T) 
Mea SUReEMEI ESmii. oa < a6 cles 1c cs as tig seit ww lee © 
FOUR RESULTS eos eeceoe eee eoeceooweoeeeoeceroe ee eee eece “ececeeeoeceecen © 
FIVE DESCUSS TON wes cuene Be irene ete serene ata loatalpiaveslateieis ia G.anate 
Kinetic Study of Gd(II1L)-ITP eeeceveene oeececeoee eeece 
CASE I: No ML, ANG SOLUC POM «nitude ckoievsde 61k aks eee 
CASE 2: ML, STOOL Mbt OF sito) estes aacla eae oe ae 
BIBLIOGRAPHY eeeeoeeee#e?dsvceedndcs?€¢ @eee545nees MECOO OHS oODAAaAC @eeee#seeeee#2escs8 84 @eee3ee 


vil 


PAGE 


20 


Ze 


42 


46 


48 


50 


54 


i | hi 


abe Ane dee Ge Mo me Nmn tenuis ene dake: . sie 
en . 
7 ; 7 , + en YE: ti 


Leeehe ds woke alg heh a 


Ty mY 


Jprbpems one oath edi bites ial or 

i 
aie. | a I ‘a -_ : 
5 a Se ht, | 


iis taedecs 6 Oe 


‘go , ou yr war? Suck telee 20° 


ga: se: » io o@eee & -bealpennt be sca 


a 7 ay rl ; “ny we 
ry v 
jhe ti ie Tantei. re ion (ay. 


i 2 


ip ee Jo QRS ee het, rs peadeaedt fe? 


ei ges a aeaTae sees, gh -neehged (a 


— o- a : p a | 

+ yamwpert sievhalok seippaigeedt OB) - ie 

a i o - ; mY 

a Aye a ae 

74 & A. 266 + ose Se * fe 

| i” 
“vs ee oat Ow bia Rm BPA Ere he 6 ee Ce 6 aT. Uae 7 

oe \ an a | 


* ar 
* 


cv gus enya anu bhi Caw eee dlake cys OS RRTMS 
eaters SEG RMD aie Ais 
err a v's ORT LRS y a. gt de <2 100. F 
Co ope otalth gang nndaligahhar atl ltt 6 alan Vi 


Yo - 4 eo eke @et hO~w OM FL E il he ee ol 
; i 


~ Atoll int . 7 


TABLE 


a 


ge Gi 


IV 


VI 


LIST OF TABLES. 


T, Measurements for the a and y phosphorus 


OfiGdG 1) -ATPreOLuciOns Gow hea ec uee. 


T, Measurements for the a, 8 and y phosphorus 


Of -Gd(lIL)—-AfP ‘solutions. ..s..% 0... See Aieee e tens 


T, Measurements for the a and y phosphorus 


Of GaGEt)—1Teesoluttonsics «oes orca « wi sivice is weve 


T, Measurements for the a, 8 and y phosphorus 


OEPCOCt Lt) 1 TPP SOLULTONG wicvoik s ousio arate bie Sis losers eat 


a Average values of T, and T) obtained 


for Gd( III) -—ATP eceroceeceeere eee eo eoe oe ee eeeoe © eeo 


15 Average values of T, and T,> obtained 


2 
Fiveteey (eral G ELE J Ye eRe NEO oc OR Rae OO Me 


vili 


PAGE 


28 


30 


32 


36 


ies 3 


J = 
Vicvouipeorhy oy. Gade 


oo) * wer tik 


i 
C | de} nial y 
Ws 
le *-¢« 
“ 
‘ 
i by LT dd 


iy 


este 


te > ls es 


ee ee 


> 


aves Bue bar eS A. 


AS ia ra ua 


De 


5 


+ > F Sgr, be a) 


- svtein nae 


3 cudaanbieg 4 “het co 


4 eh Ow Eb @ @& @ i« 
is 


ua rh ia chase 
Toes a CERT aed) 


fe) nus ipso 
: De iiic ial 


FIGURE 


10 


LIST OF FIGURES 


Adenosine 5'-triphosphate (ATP) and Inosine 


De Er 1 HOS DIAC ec \e eco wiclele te ere cis betes 6 Bate witishelereistete 


13 


concen Cratcion: .<'6)..6 sere Stee ae [eLarals Oheie. 6:1) 61 aN wire. lone 


13¢ NMR spectra of ITP as a function of Gd(III) 


CONCENE PS Ed OF ciclw sco: «fore cilesaleGiele oles are ie otecctecajouete kun oe 


Plot of (f_' 1 a 


PAOtsor Cte L 
m 


1 =~] 


Plot of (£7 2p) vs T fOr 7G CLI The es 


Plot of (£7 ) vs Te for Gd EL) 1 tre ue) 


Plot of oe 


CaCTEIy ATP ore. nates cite se Beals usloheieheie7slt!s (nial «taiainie els. sis 


a) ey e 
Plot of EoD? and eee vs T for 


CAC tay ati ee cs eee ee DG es? MeL 


Plot of Av vs 7 for Gd(III)-ITP where 


Pere tear eceeyia fat toro fet Oni sss cicicisis erence ols 


ix 


C NMR spectra of ATP as a function of Gd(III) 


Woatvsei) @-tor Galil) ATP. sce. 


ere eer CaCl IT) ATR... eae 


PAGE 


Zz 


27 


Zo 


31 


33 


35 


37 


aie 


41 


S Vit we Bu Ww , a \ wee 
a 7 my ‘, ay ” 


| oe i . 
Sh es LN il i in Bs 
i yt vee ay pin a 
aa r cea) 7 , uf 
oe nye 
' J Lo al " “ay 
7 
4 le ie Pt ye eb ewes hae tons oa aee 5 
ive 7 
E01 ied he delta om Tt te. aiizaeas non 8 " 
ve 
<i +» ~¥2émt 6 oe oe @ ese einai 7 
ie a 
(Titite te walsoaw? wp cb STL To wisoRgh sent ghhc 
¢ Z eC ae 
2 7 7 . =o t ‘ ; : if, 
is we 
wa. fd CED 2s Te oat a f 3) to feit a | 
; : hm | 
é i | bs 
3h 0 * 
' f : 2 iv ? a My 
T>-< SLO e948 “9 Wey ‘gt? is era 9 a 
w 7 La 
| weuhoetms “UT (T0T)bO wed a rks) 26 108% > o v 
5 Zs 7 F oh | is 
= 14 7 oe 
s be ° = > ¥ ee ; i. 
ie a a $) Boe ~ mA at's } to 3014 shi wot 
ae NOC PUTT Tre Mta~ (Ti) 4 iV 7 
- a n 
Yaa 3 > | “At 


ot Sip gg oe mat 5 + va? ms sqi8 

zz ad bwe wp ny fips heeaae ie amie 
sudan DOP ae et 

ory | sted haaaaee is ' tie a ; + 7 


rh aaa tal 
A .; : 


7 a ; 7” j “i = sda hee cae 
we, ht | i, | or 


FIGURE PAGE 


1 Plot of toe Saute EOL Gd(III)-ITP 


wheremITP) varies: by: avf#actormofiuten 1% 2.5088% 49 


PP. ee | 
=, Uy 


t “7 aN iy, 
a om 7 aty : 
a ve ; 
* ' 
‘ 
1 
1 
\ 1 ~~ i 
f 
a: 
\ 
he | 
i 
A 
‘ 
Ps 
2° - 
ae - ’ 
i Fee 
q ie? 
v 
» A : 
a a : 
Sr a 


‘ 
vy 
& 
—— 
wes 
~~ 


, fi vi ne : i j . 
’ yf 


| ; a 
; : : 4 ay yy - y MAS a 


CHAPTER ONE 
INTRODUCTION 


The enzymatic hydrolysis of the nucleotide phosphate chain 
is probably one of the most important energy transfer reactions in bio- 
logical systems (1) and certain metal ‘ote take part as essential 
substrates in these reactions. As a result, very many studies concerning 
the role of metal ions in biological systems have been carried out and 
have now been well reviewed by Izatt et al, (2) Dwek (3) and Sigel (4). 

The metal ion - nucleotide interactions are of great 

interest. Of particular interest is the metal ion manganese (II) 
whose paramagnetic behavior allows for the study of biological systems 
through the use of nuclear magnetic resonance techniques. It should be 
noted here that, although Mn(II) is not an active metal ion in vivo, 
it has been found to substitute quite well in vitro for Mg(II) in many 
enzymatic reactions (5,6). 

Of all naturally occuring nucleotides, adenosine triphosphate 
(ATP) (Figure 1) is the most common and its interaction with Mn(II) ions 
has been the subject of much attention (7-15). These studies indicate 
that the metal ion is completely bound by all three phosphate groups 


We 


although the distance to the "a" phosphorus is longer than to the '"p" 


and "y" phosphorus nuclei (11). In addition, 20% of the bound Mn(II) 
ions coordinate directly with the adenine ring at the N-7 position (9) 


The interaction of lanthanide ions with biological systems has 


also beer the subject of much research. The general purpose of the 
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FIGURE a 


Adenosine 5' - Triphosphate ATP 


Inosine 5' - Triphosphate iTP 
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work has been directed towards studying the feasibility of using lan- 
thanide ions as paramagnetic models for the alkaline earth ions (7, 
16-20) and certain transition metals (21,22). It has been observed, 
for instance, that in the case of enzymes (17,20) and various 
nucleotides (2,23-28), lanthanide ions bind only to the phosphate 
groups (unlike Mn(II)), and that this effect is of an electrostatic 
nature. In addition, it also appears that the interaction is the 
same with all phosphates as in the case of alkali metals (29) where 
there is some question of higher order species (29,30) (i.e. ML.» MOL, 
MOL, etc.). 

A very recent study on the conformation of the lanthanide 
ion - ATP complexes in solution has been carried out (Ln(III)=Pr, Nd, 
Eu.and Yb) (23). Chemical shift data of the eight proton resonances 
and of the three ap resonances were obtained. The analysis of the 
Gata indicates that the lanthanide ions bind predominately to the 8 
and 3 phosphates and do not interact with the ring. The distance to 
the « phosphate is nearly twice as large as to the fand y phosphates. 
For the Gd(III)-ATP complex, tne measurements were also carried out for 
protons H-8, H-2, H-1" and H-5" but oo studies were not reported. 

The object of the present work is to compare the Gd(III) - 
nucleotide complexes with the corresponding Mn(II) ion complexes that 
have been extensively studied. The nucleoside triphosphates under 
study are adenosine 5' - triphosphate and inosine 5' - triphosphate 
(Figure 1). The experimental techniques used are 13, and Eee NMR. With a 


total of thirteen different nuclear probes that can be observed readily, 


the effects of the paramagnetic Gd(III) ion on the relaxation time of 
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these nuclei can be easily studied. The results shed further light on 
the nature of these complexes in solution as well as the exchange 


processes taking place. 
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CHAPTER TWO 
THEORY 


The paramagnetic lanthanide metal ion (geda ian cn CLIL)): es 
used primarily as a broadening reagent in NMR studies. In fact, the 
paramagnetic broadening effects are so large that the NMR experiments 
are usually carried out under conditions where the metal ion concentration 
is much less than the ligand concentration. Paramagnetic relaxation 
data is then extracted from a resonance signal which is a weighted 
average of the metal-bound and metal-free neucleotide system undergoing 
exchange in solution. 

In the present chapter, the theory concerning both the 
transverse oy and longitudinal Oh relaxation times due to the 
paramagnetic metal ion will be introduced and analyzed with respect 
to the paramagnetic lanthanide ion Gd(III). Since these relaxation 
times are proportional to a where r is the distance from the 
paramagnetic ion to the nucleus under observation, these studies offer 
a way of obtaining structural information about the metal ion - 
nucleotide complexes. In addition, these data yield information 
concerning the exchange rate in solution. 

Transverse Relaxation 

McConnell's (31) addition of "chemical exchange" to the 
Bloch (32) equations was later followed by the Swift and Connick (33) 
refinement for a two-site exchange. Swift and Connick considered 


the case where the concentration of one of the components is in 
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Consider a two - site exchange process: 


=1 salt : ‘ 
where T, and tT are pseudo ~ first order rate constants relating 


to the exchange rate from sites A or B. Then, for the case P, >> P 


A B 
(where P, is the fraction in the ASP state), one obtains (34) 


-1 -1 A 
phy ly, Oe me Te) i 
ST pag Gone SE 
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(To, + Top ) + (Aw, + mle 
where 
ep. -1 2 
‘ asf a ui Top Se (To ,Tp) a (Won w) ue =i 
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The terms in these equations are defined as follows: 


T, = Transverse relaxation time. 


M = Magnetization vector in the direction of the 


0 

applied field. 

Wy = Angular precession frequency about the 
applied field 

w= Angular precession frequency about the 
applied r.f. field Ey 

w = Observed angular frequency which is a weighted 
average of oN and On. 

Ty = Outer sphere transverse relaxation time. 

os 
v = Observed resonance frequency. 


The above equations apply to "Paramagnetic - Diamagnetic" 
exchange , where site A is considered to be the free ligand and site B 
is the metal ion - ligand complex. Under these conditions one finds 


that the term - Yop) may become quite large (i.e. ~ 10° Seer 


(48 
due to the effect of the unpaired electrons on the metal ion. Since 
Ww > Wy, it can be seen that the term (wo, - w) is usually also large. 
The limiting cases of equation 2 have been discussed in 
detaid) (33.34.35) and it is found that the increase in the transverse 


relaxation rate induced by the paramagnetic ion Cap can be 


analyzed in terms of three limiting cases. 
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CASE I: Slow Exchange du,” >> Tos gink 
The relaxation rate is governed by the rate of chemical 
exchange of molecules between the bulk solvent (A) and the bound 


complex (B), including outer sphere effects. Therefore equation 2 


-1 
os 


becomes <7 Si 


| -] 
at = T ee = a ey ae ee [5] 


CASE II: Exchange Narrowing Ta >> Aw, >> (To, tp) 
In this case the relaxation rate is controlled by the cnange 
in the precessional frequency plus outer sphere effects. 


ah | 2 = 
Therefore ay = (P,/P,) TpAw, + ce [6] 


-l] =-2 -2 


CASE III: Fast Exchange (T ) Eeoert Aw 


2B 'B 
The observed relaxation rate is now controlled by the 
relaxation rate of the nucleus when it is bound to the metal ion 
together with outer sphere relaxation. 
ch -1 -l 
Therefore aoe = (P,/P ,) Top + De [7] 
Many paramagnetic systems are referred to as "broadening" 
rather than "shift" reagents. One usually notes that for the former 
case significant broadening of the observed resonance occurs with 


little or no chemical shift. This phenomenon is believed to be due 


to highly efficient relaxation of the bound sphere nuclei such 
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that Eee >> du, As a result, a temperature dependence study of 


transverse relaxation rates will not show.an "exchange narrowing" limit 


(i.e. no region where T ot depends on Aw,) (34): 


2p 


Hence equation 2 reduces to: 


x CP /P,) 
io = ge Be A + gw [8] 


From now on, the bound state "B" will be referred to as ''M" 


and equation 8 can now be rewritten in the more common form: 


e 
=] m -l 
T a) Se ES [9] 
2 
Pp Tou + Ty 2os 
where n = Pal Pa 
and Ty = TR 


This term is a measure of the rate of chemical exchange of 
molecules between the bulk solvent and the metal ion complex. It is 
often described as a "pseudo" first order rate constant "k'"'. The 


temperature dependence of T,, is given by: 


M 


aurea Le pe (ant | ast) [10] 


——e a 


1 M h RT R 


where k is the Boltzmann constant, h is Planck's constant, T is the 


t 


temperature in degrees Kelvin, R is the ideal gas constant and AH 


and ast are the enthalpy and entropy of activation, respectively. 
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Solomon and Bloembergen (36,37) have derived an expression 


for the relaxation of the nucleus bound to the metal ion (T 7 where 


2M 


it is assumed .that the larmor precession frequency of the electrons 


Ww. is greater than that for the nucleus Wy (i.e. w 


S >> ws): In addition, 


S 


Connick and Fiat (38) have modified the equation to incorporate the 


two different dipolar correlation times Toy and Too: The equation may 


be written as 


22 F4 
= -] 4 Yr 8 S(S + 1)B8 3t 4 13t 9 
2M iz At Weegee ee Cement A) 
i 2 T.2 ine. 
eee (Site CAT ee pete ce te Sener 
3 = 1+w 2. 2 
s e2 
where: pate 
-l =] -1 -1 -1 -] 
= = 12 
Toy Te + a TR + Ty + Tie [12] 
-] -] -l -l -1 -1 
= = 13 
To2 TR i ne? ay Z: ™ i wy [13] 


In equations 12 and 13, TR is the rotational tumbling time 


of the metal-ligand complex, 1,, is the average lifetime of the ligand- 


M 


metal coupled pair (see equation 10), The is the longitudinal and 


To. is the transverse electronic relaxation time, respectively. 


The terms in equation 11 are defined as follows: 


Yy = Magnetogyric ratio 


3) = Bohr magneton 
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g = Electron g factor 

S = Total electron spin of the metal ion 

nS = Electron resonance frequency 

Wy = Nuclear resonance frequency 

r = Distance between the nucleus ona the paramagnetic ion 
(A/T) = Electron nuclear hyperfine coupling constant. 


Contributions to the line broadening resulting from outer 
sphere effects are the result of magnetic dipole - dipole interactions 
between the metal ion and molecules outside the metal ion first 
co-ordination sphere. A general formulation for this effect has been 


developed (39) and is given by the following equation: 


, Ze Le, 
si l6n nS (Stl) Beg Ys [14] 


T = eee 
20s 9 ~ 


where n is the number of paramagnetic ions per cubic 
centimeter of solution and EA is the dipolar correlation time 
comprising exchange, tumbling and electronic effects. 
Longitudinal Relaxation 

Luz and Meiboom (39) have developed an expression for 


i i similar to that obtained for T ae by Swift and Connick (33). 


Ip 2p 
The equation may be written as follows: 
£ LS 
hile amas Pe Wee [15] 
lp los 
dy eet 
1M M 


In the above equation, both the outer sphere ae term 
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and the chemical exchange (t.) lifetime are the same as those 


TL. )., The (Tks) term, however, 


fr eat ix © = 
or equation 9 (i.e Thos pie 


is different from a and is also described by Solomon and 
Bloembergen (36,37), Connick and Fiat (38) and Rubinstein et al (40). 


It is given by the following equation: 


Dee Z 
cai hg 275 g S(S+1)8 3t 4 2 TT O9 16] 
1M 6 2 2 2 2 

15r 1+ Ws TA 1 + Wo TO 
Z 2 T 
+ — (A/t)“s(s+t1) eles 
3 Ll Hewat 
s e2 


The terms in this equation have been defined previously for equation ll. 


Factors Affecting T.., and He 


1M uM’ 


The expressions for T and T 


IM ja given by Solomon and 


Rloembergen do contain certain restrictions which should be discussed. 
The first states that there is no electronic (i.e. g) anistropy, 

a condition which is satisfied by both Mn(II) and Gd(III) (3), and 
secondly that there is only one value for Tie and one for Too 
respectively. 

Rubinstein (40) and co workers have calculated exact values 
for the electronic relaxation times for a system where S = 5/2 (Mn(II)). 
They obtained three different spin-spin and spin-lattice electronic 
relaxation times, each of which had a corresponding intensity factor 


whose magnitude depended on the value of the WT, term. This latter 
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term originates from the Bloembergen and Morgan (41) equation 
which presents a general formulation for calculating the longitudinal 


electron relaxation time (T),)> namely: 


Tie B em iresik | eae [17] 
le l+w2 1? 144021 . 
S 


In this equation, om is a correlation time which relates 
to the rate at which the Zero Field Splitting (ZFS) is modulated by 
the impact of the solvent molecules. The restrictions imposed on 


this expression are that tT < T, ,T <<\T and also that the 
v le Ze le 


magnitude of the ZFS be less than Wo Rubinstein et al (40) observed 


that four of the intensity factors for the electronic relaxation times 


2iae ‘ sidiog 
_approached zero when ae, << 1. Hence under these conditions only 


one Te and one Toe value are observed and therefore satisfy the 
previously mentioned restriction for the Solomon-Bloembergen equations. 


It is important to note here that the activation energy 


(E) for the motion characterized by Tis given by: 


= eeexD (E/T) [18] 
Therefore, as T increases, ie decreases and hence Te a 
will show a positive change providing Marke rc 15 


Hudson and Lewis (42) treated a system where S = 7/2 (Gd(III)) 
in a manner similar to that of Rubinstein et al (40) and obtained 
four values of Toe each of which had a corresponding intensity factor. 
As for Mn(II), it was observed that when WT) < 1, only one of the 
four ae ~ spin relaxation times was found to dominate. Unlike 
Mn(II), however, for which the EPR spectrum consists of six lines 


due to nuclear hyperfine effects (40), Gd(III) showed only a single 
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line rather than the expected seven since the -1/2 + +1/2 transition 
contributes most Cie. 9962) >to eile observable signal (42). The fact 
that To. may be obtained directly from the spectrum has led 
Dwek (35) to speculate that the value of the "B" and niet terms in 
equation 17 may then be calculated to obtain a value for The 
Reuben (21) has obtained values for the correlation time 
modulating electron spin relaxation for three different systems 
containing gadolinium (III). These values were then compared to 
similar systems containing manganese (II) and it was observed that the 
size of the ligand did not, for either metal ion, significantly 
change the value of T, (1767 “5x tomes sec at 300° K). In addition, 
it was aiso noted that for experiments carried out at a magnetic field 


of 12.1 kilogauss, a value of oy ax 101+ con and a range of TOE 


in the vicinity of 1 x 17 SEY < 10” sec were obtained depending on 


the value of Ly (i-e. size of ligand). Hence it may be concluded that 


for Gd (III), like in the case of Mn(II) (40), (a ote : Pete Ola 


») 


magnetic field strength of 12.1 kilogauss or greater; since as the field 


: : -1 
strength increases, w increases and To, decreases. 


Applying this limit, equations 11 and 16 can be rewritten as: 


FPO ps2 2 
2M 15r° 1+w2t2 el 
lec: 3 
aT 2y2e2S(S+1) 8% eee? 
T = I (31 4/ tw, TO ) [20] 


1M 15r° 


[19] 
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At this point, it would be of interest to consider the 
various terms in equations 11 and 16 to see how they affect the 


observed relaxation times ip and Dy Each of these equations are 


made up of two terms, a dipolar term (first portion of equation) 

and a scalar term (remaining portion). The scalar ‘term is usually 
absent from relaxation expressions for lanthanide ions due presumably 
to the small Carn)? term (35). This argument is further supported by 
noting that contact or scalar terms are due to the "leakage" of 
unpaired electrons from the metal to the ligand. Such effects are 

not expected to occur too readily in lanthanides where the valence 

(4f) electrons are in effect buried (35). If only the dipolar portions 


of equations 19 and 20 are considered, then it can be seen that 


Toe and ara are nearly equal (i.e. within 14%) providing that 
2 , 
(wt) eae is 


Returning back to the expression for Ne (eq.15)), it can 
be seen that a negative value for HOU / d(1/T) can arise from 


three possible sources (3,11): 


(1) Bn is controlled by the slow exchange mechanism 


(2) asr a is controlled by the fast exchange mechanism 


<r aand ee is the dominant correlation 


4 
where (oT) if 


time exhibiting a negative activation energy. 


(3) on is controlled by the fast exchange mechanism 


2 P : : 
when (wt )~ > 1 and the dominant correlation time, 


oon | 


which may be either T ig has a positive 
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When a negative slope is observed, which is controlled 


=) -1 


by Tim (ite case, (2) or (3)),. then Bas is expected to show a 


frequency dependence. If (wit - > 1, then this term becomes a 


ay 


Significant factor in equation 20, and therefore a change in frequency 


Cite, wr) will cause a notable change in the value of T a (equation 15). 


lp 


If, on the other hand, (ee <-l'then. saseinaicated: inv case (¢2)% 


L e becomes the dominant term in the expression for T The activation 


uk el) 


term (E) that is involved here is given by equation 18 and the negative 


; ; Cane oor 
value tor the activation energy originates from the term (wt) in 


: : -l -1 -l -l 
equation 17. In other words, since « x x 
q ; a Ti Tel ane 
(equations 12, 15 and 20) in case (2), and since ar 1/T(equation 18): 
a negative activation energy is possible for ArT only if ie « tS 


(equation 17). This conclusion implies that (wet)? > 1 and under 


-1 


such a condition a change in frequency (w.) will also change ain 


(equation 17). 


In this section, expressions have been given for both TH and The: 


For completeness, the temperature dependence of the rotational 
correlation time should also now be included. It is given by the 
following equation: 


HR? ve ry exp (Ex/RT) (21) 
y ito ss interesting to note the similarity between equation 21 

and both equations 18 and 10. The fact that all three correlation 

times relating to the three different types of mechanisms show an 


exponential energy dependence is another of the restrictions for the 


Solomon-Bloembergen equations (3). 
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CHAPTER THREE 


EXPERIMENTAL 


Preparation of Solutions 

ATP (disodium salt) and ITP (sodium salt) of highest purity 
grade were obtained from Sigma Chemical Company. Each nucleotide 
salt was then dissolved in triply distilled water, passed through a 
CHELEX 100 (sodium form) exchange resin to remove metal ion impurities, 


and then the pH was set at 7.0 + 0.2. Solutions were then lyophilized 


at least twice from Do0, obtained from Columbia Organic Chemical 


Company, and the nucleotide concentrations were determined by 


U. V. Spectroscopy. (ATP, as Let x 100 260 nm, pH = 7.0; 


ITP, € ax 22% 10°, 270 nm, pH = 6.6). These concentrations 
were between 0.3M and 0.6M for both nucleotides, and the final 
solutions were made up to a volume of 2 mls in D,0. 


2 


Stock solutions of Gd(III) were prepared from Gd(NO O 


Eve ay 
obtained from Ventron Alfa Products. The Solutions were made up 
to 0.1M and acidified to a pH = 1. H. E. Pedersen micropipets were 
used to make metal ion additions. 

Standardization (43) of two Gd(III) stock solutions was 
carried out by adding Eriochrome Black T indicator to a solution 
Cl buffer (pH = 9.9) 


Gf 25 ms Gd(NO,) 45 75 mis of H.O: 10emis of NH 


2 4 


and a small amount of triethanolamine (1 —- 2 mls). The red solution 
was then titrated with E.D.T.A. until the blue color of free indicator 


appeared. The results obtained from this procedure were in good 
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agreement (+ 4%) with the concentrations calculated from the weight 
of the nitrate salt used for each stock solution. As a result, no 
further standardizations were deemed necessary and the concentrations 
of new stock solutions were assumed to equal those calculated 
from the amount of salt used. 

A 0.9M solution of tetramethyl ammonium nitrate (obtained 
from Eastman Kodak Company) was prepared in D0 and used in the kinetic 


study (see table VIII) to adjust the ionic strength of the 0.01M ITP 


solution to that for the 0.1M ITP solution (I.E. pp = 1.0M). 
NMR Experiments 


(a) Phospnorus Paramagnetic Transverse Relaxation Time Measurements 
i) 


Transverse relaxation times were measured from the linewidths 


at half height of the natural abundance, proton decoupled sae NIMR 


spectra obtained in the Fourier transform mode on a Bruker HFX 90 NMR 


Spectrometer (36.43 MHz). All measurements were carried out under 


controlled temperature conditions (ela),: The D0 solvent deuterium 


resonance was used as the lock signal. The resulting FID signals 
were stored in a Nicolet computer and the Fourier transformed spectra 
(real) were recorded using 4K or 2K data points depending on the 


required resolution for a sweep width of 3000 Hz. 


The effective paramagnetic linewidth nedaty was calculated 


by subtracting the observed linewidth at half hed che of a pure 


nucleotide resonance NAVs A from that of a comparable nucleotide 


: 2 : 
resonance in the presence of the metal ion "Avi 
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For spectra where sufficient resolution of the a and y phosphorus 
"doublets" could not be observed; corrections were made for a 
J(3lp - 3lp) splitting of 19.5 Hz while calculations for the 
8 phosphorus triplet were omitted. | 
(b} Phosphorus Paramagnetic Longitudinal Relaxation Time Measurements 

cree) | 

Spin-lattice relaxation times were evaluated from proton 

decoupled, partially relaxed, Fourier transformed spectra obtained 
using the (2380; = + -S0me— 7 mihi (44,45) two pulse sequence. 
- The natural abundance fap NMR spectra were obtained on a Varian 
HA - 100 - 15 NMR Sacer roneter (40.48 MHz) interfaced with a 
Digilab FIS/NMR-3 data system, the Nova 1200 computer, and the 
FTS/NMR 400-2 pulse wit. Probe temperatures were measured directly 
with a thermometer (Fi1-C), and again the deuterium resonance of the 


solvent D,O was used as the lock signal. All required resonances were 


2 
found to be within 2700 Hz of the carrier frequency and were recorded 


using 2K data points. All longitudinal relaxation times were obtained 
from at least seven different t values. 

For any given value of tT, a value for the average peak 
height (H) was obtained for both the a and y doublets. Each of 
these values, along with the one obtained for the 8 triplet (i.e. 
peak height of the central peak for the £8 triplet), were subtracted 
from the corresponding maximum peak heights Heer) obtained when 
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H(H = H max - H) was then plotted against the corresponding "t" 


value and the longitudinal relaxation times were calculated from the 
graphs using the following equation (19) 
8 


In Hos In) a | [23] 


The longitudinal relaxation time due to the presence of 


paramagnetic metal ions was obtained by subtracting the ThA A value 


obtained for the purified nucleotide from the ie value obtained 
for the corresponding resonance in the presence of the paramagnetic 


ion, namely: 


T = rt =~ Lee [24] 


(c) Carbon-13 Paramagnetic Transverse Relaxation Time Measurements 


Instrumental conditions for obtaining the carbon-13 NMR 
spectra were exactly the same as those for phosphorus except that the 
spectrometer frequency was set at 22.63 MHz (Bruker HFX-90). In 
addition, the FID signals were stored in 16K or 8K data points and 
consequently the Fourier transformed spectra were outputed using 8K or 
4K data points, respectively. 

(d) Phosphorus Multiple Frequency Longitudinal Relaxation Time 
Measurements (T_ ) 
1p 
A Bruker SXP 4-100 NMR spectrometer (using a two pulse 
oO fe) ae Pe 
-180 - t - 90 sequence) was used to obtain ~ P spectra for the 
a, 8 and y phosphates of (Gd - ITP) at two different frequencies. 


Each spectrum was the result of a single scan performed at variable 


t values under ambient temperature conditions. A diode output of 
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the combined FID for the a, 8 and y phosphorus nuclei was obtained 
at a frequency of 23.98 MHz. The appearance of a null point at 50 ms 
delay time validated the original assumption that the longitudinal 
relaxation times of all three phosphorus nuclei were equal. At 
12.20 MHz a higher sensitivity non-rectified output BE the FID also 
yielded a null point in the 50 ms range. The nucleotide concentration 
4 


was [ITP] = 0.25 M and the metal ion concentration was [Gd(III)] = 3.7xl0 M. 


I am very grateful to Dr. R. B. Jordan for conducting this 


experiment. 
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CHAPTER FOUR 


RESULTS 


The 13¢ NMR spectrum of ATP is shown in Figure 2. The a: 


lines were assigned in accordance with previous work (46,47,48). 
Progressive addition of metal ions to both ATP and ITP solutions 
caused a selective broadening of the C-5', C-4' and C-3' resonances 
for both nucleotides. A weaker broadening effect was observed for the 
ATP C-8 resonance, in contrast to ITP (Figure 3) where this effect 

was not observed. 


Figures 4 to 9 inclusive are graphs of the as ae 


Bi data as a function of the temperature for both ATP and ITP. 


The Te ie data in Figures 5 and 7 were obtained for all three 


and 


(a, 8 and y) phosphorus nuclei, whereas the T data in Figures 


2p 
4 and 6 were obtained for the a and y phosphorus nuclei only. 


It should be noted that at lower temperatures (i.e. sharper lines), 


we found that the ee for the 8 phosphorus was equal , within 


experimental error, to the transverse relaxation times of both the 

a and y phosphorus nuclei. Based primarily on the temperature profile 
of the ri data, it was assumed that this situation also holds true 
at higher temperatures. 


Figures 8 and 9 are graphs of the averaged values of 


Joe and ee obtained at different temperatures for all solutions. 


-1 
Values of the exchange rate, ™ » temperature dependence were 


obtained visually by drawing a tangent to the low temperature portions 
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of the curves, which are in the slow exchange region. 
31 
Figure 10 is a plot of ~'P AY) 120 Vevl/ Te tor GaGlLL) LTP. 


The concentration of gadolinium (III) in both solutions was the same, 


while that of ITP differed by a factor of ten. The ionic strength of 


both solutions was kept constant by adjusting the ionic strength of the 


weaker ITP solution, with tetramethyl ammonium nitrate. In comparison 


with the previous Figures, the data in Figure 10 were obtained only 
from a single run. 
Possible hydrolysis of the nucleotide solutions was 


checked directly by the analysis of the phosphorus spectra, and 


hydrolysis was not observed. All curves to the data were drawn 


visually and all experimental data were found to be accurate 


to within + 102. 
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FIGURE 2: 


Proton decoupled natural abundance ney NMR spectra, 
measured at 311° Ky for a -Q?234M ATP solution. Metal 
ion concentrations due to the progressive addition 
of Gd(NO,) , are indicated on each spectrum. The top 


spectrum is for a pure ATP solution. 
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FIGURE 3: 


Proton decoupled natural abundance aor NMR spectra, 
measured at 308° K, for.a 0.22M ITP. solution. “Metal 
ion concentrations of Gd(NO,) , are indicated in a 
manner similar to that for Figure 2. The top spectrum 


is for a pure ITP solution. 
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FIGURE 4: Temperature dependence of the op paramagnetic transverse 


relaxation times for Gd(III)-ATP (see Table I). 
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FIGURE 5: Temperature dependence of the gcc paramagnetic 
longitudinal relaxation times for Gd(III)-ATP 
(see Table II). 
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FIGURE 6: Temperature dependence of the o yp paramagnetic 


transverse relaxation times for Gd(III)-ITP 


(see Table III). 
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FIGURE 7: Temperature dependence of the 315 paramagnetic 
longitudinal relaxation times for Gd(III)-ITP 
(see Table IV). 
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TABLE V 


Averaged Values of 31, Paramagnetic Transverse and Longitudinal 


Relaxation Times for Gd(III)-ATP 


102/17 (°K 4) 10 */£ 7) (sec) 10 "/£ 7, (sec™) 
5 ee 44 
3.50 -40 
Scok 2534 
3.47 - 62 
3.45 81 
3.44 -65 82 
3239 97 
3205 L.18 1.24 
3.26 70 
Se ae 1.40 1.92 
3226 2.39 
Siro O77 
Beez 2.05 
So 2.63 
3.14 221 
3.13 3.42 
3242 3.99 
3206 ops a! 
3.03 3.69 
2.98 4.62 io ae wh 
2.96 3.96 
2.94 4.38 
2.90 4.46 
2504 4.19 
2.86 4.97 3.69 
Zao 4.08 
ae Average of values for a and y for all solutions at 
as that temperature. 

-1 

ain = Average of values for a, 8 and y for all solutions 


at that temperature. 
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FIGURE 8: Temperature dependence of the averaged values of the 


oe paramagnetic transverse (m) and longitudinal (OD) 


relaxation times for Gd(III)-ATP (see Table V). 
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TABLE VI 


Averaged Values of 31, Paramagnetic Transverse and Longitudinal 


Relaxation Times for Gd(III)-ITP 


107/1(°K") 10""£ 7) (sec) LO jay Tye (ec! ») 
is poe 42 
Sc0 44 
i Debs Se apy! 
3.47 <0 
3.44 - 60 14 
3.41 a hes, OB) 
S23) -98 
3.30 1.64 
3229 i loyy pa 
362d shaves 1.63 
3.26 2.01 
a.29 wee 
z Boy ae | 2.135 
Se LO 2.85 Zane 
3513 2.66 2.18 
& pee Zoo 
3.06 3.70 
3.03 3.14 
3.00 4.28 
2.98 4.84 
2.94 4.15 
2.90 4.38 
2.89 5. 00 
ae | 4.06 
2.86 4.30 
yas of 6.16 
T vl Average of values for a and y for all solutions at 
ze that temperature. 
me = Average of values for a, 8 and y for all solutions 


at that temperature. 
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the oop paramagnetic transverse (M™) and longitudinal 


(O) relaxation times for Gd(III)-ITP (see Table VI). 
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FIGURE 10: Temperature dependence of the or paramagnetic 
linewidth measurements of the a (@) and y (O) 
phosphates for Gd(III)-ITP solutions. Dotted 
lines indicating the slow exchange limit were 
drawn in visually by curve fitting the above 


data tothose of Figure 9 (see Table V1l). 
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CHAPTER FIVE 


DISCUSSION 

The reason for carrying out the 13 6 we analysis was to 
determine whether or not a ring interaction was present between 
gadolinium (III) and the base. For ATP, the strong broadening of 
the ribose carbons followed by a weaker effect on the adenine C-8 
was observed upon progressive metal ion additions. The observed 
effect on the ribose carbon nuclei indicates a strong metal ion binding 
with the phosphate oxygens (confirmed by nea data). The magnitude 
of is for the ap nuclei was about ten times greater, for the same 
metal ion concentration, than that observed at the ribose carbons or 
carbon C-8. 

In order to determine any information concerning the 
conformation of the metal ion — nucleotide system from the induced 
broadening of the we resonances, two restrictions must be met (49). 
The first of these is that the observed paramagnetic transverse 
relaxation time must be controlled by the relaxation rate of the bound 
nucleus and secondly, that this effect must be due primarily to dipolar 
interactions (i.e. controlled by fast exchange without significant 
contact terms). In relaxation measurements the absence of contact 
interactions for lanthanide ions has been previously documented (35). 
This situation also appears to be true for the Gd(III) - ITP and 
Gd(III) - ATP systems since the ze data in Figures 8 and 9 show that, 

23 


within experimental error, Tim and Tou are equal. As far as the “C 


line broadening effects are concerned, these are not controlled by the 
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slow exchange mechanism. If this were the case, an equal broadening 
of all the carbon resonances of the adenine and/or the ribose portions 
of the nucleotide would be observed. Since this was not observed 
(Figures 2 and 3) the ie paramagnetic relaxation times are controlled 
by the fast exchange mechanism. The analysis of the spectra in 
Figure 2 indicates that there is no effective ring interaction between 
the metal ion and the nucleotide. This conclusion is in agreement 
with previous work (23-28). The broadening effects at C-5', C-4' 

and C-3' are a secondary effect resulting from the strong metal ion 
binding to the phosphorus oxygens. In addition, since the broadening 
effect at C-8 is not larger than that observed for the ribose carbon 
nuclei, it is also probably a weak "through space" interaction 

induced by the proximity of the phosphate bound metal ion to the 

H-8 proton. The ITP data of Figure 3 are in agreement with the 

ATP data to the extent that no ring interaction is indicated. The 
apparent discrepancy observed at the C-8 position is not a significant 
effect and has been observed before (50,51). 

The date in Figures 4 to 9 indicate that, for the phosphorus 
nuclei, eT = 158 for the a, 8 and y phosphates, for both 
nucleotides. In addition, apes for ITP is equal to Fel for 
ATP (i = 1 or 2). This can be readily seen by comparing the projected 
T wh values in Figures 8 and 9, which are equal within experimental 
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aati P 
error. These ty values are assumed to be in the "slow exchange" 


region. 


According to the expression for T given in equation 15, 
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outer sphere effects ents, 8%) may contribute to the longitudinal 
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relaxation time. Since the expression for Tine (same as Tos 
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~1 


(eq: 14)) is similar to Tim 


(i.e. a is the same form for both 


i will show a frequency 


expressions) outer sphere control of T 


dependence. In addition, as mentioned in the theory section, a 


1 


fle vs rt that is controlled by fast 


negative slope in the plot of T 


exchange will also show a frequency dependence. 


{In order to prove that the portion of the curve for Hay 
in Figures 8 and 9, with a negative slope is indeed in the slow exchange 
= -l 
M 


due to the effect of Tae further variable frequency op experiments were 


region (i.e. ) and that the turn-over region at higher temperatures is 
carried out. The basic procedure and instrumentation for this experiment 
- was described in Chapter 3. The results indicate that the observed 
free induction decay measured at two different he frequencies 
(23.98 MHz, 12.20 MHz) have the same null point (i.e. Tone 50 ms). 
Therefore, 

To (2,85) 53 9g a To (028s Y) 15 99 [25] 
and, accordingly to equation 23, it can be seen that (43) 

tT) = constant Te ; [26] 
Therefore 

= 12.20 MH 

T,, (23.98 Miz) T° z) [27] 

In conclusion, since a frequency dependence was not observed 
for Tt in the region where a "negative" activation energy term 
prevails, then the observed paramagnetic relaxation times for both 
Gd(III)--ITP and Gd(III)-ATP solutions are controlled at the lower 
temperatures exclusively by slow exchange. In this case, the fast 


exchange mechanism will control the high temperature portion since 


outer sphere effects are not expected to prevail in this region (34). 
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As a result, the conclusion is that the same exchange 
rate is observed for all three phosphorus nuclei and, in addition, 
the metal ion binds equally to the three phosphate oxygens. This 
second conclusion is based on the high temperature portion of the 
curves (Figures 8 and 9) where the progressive appearance of fast 
exchange does not impart any differences in the phosphorus Th) 
values as were observed for Mn-ATP (11). Since the three phosphorus 


F : : =6 
nuclei have the same correlation time then, due to the r dependence 


for both T TP and T 


IM vty significant differences in the fast exchange 


relaxation time resulting from different metal - ligand distances 
would be observed. In addition, the bend-over region (i.e. region where 


rete is controlied equally by To - and re) would not be the same 
for all three nuclei. Since both the paramagnetic transverse and 
longitudinal relaxation times are equal within experimental error, 
over the temperature range under study (0° C to 60° C), the 
assumption that a, 8 and y are equally bound to the metal ion appears 
quite valid. 

A very recent paper by Tanswell et al (16), and to my 
knowledge, the only paper on this subject deals exclusively with the 
conformation of lanthanide ion complexes with ATP. Their experiments 
with Pr(III),*Nd(1II1), Eu(Il1) and Yb(III) indicated. that the ATP 
proton lanthanide shifts are entirely pseudocontact in nature. The 
experiments were performed under conditions where the metal ion and the 
nucleotide concentrations weré nearly equal (~0.02 M). Observed rp 
shifts were found to contain significant contact contributions which once 


corrected for resulted in equal pseudocontact shifts for the a and 
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8 phosphorus resonances. The smaller pseudocontact contribution 
observed for the y phosphorus is presumably due to the fact that at a 
pH of 6.0 the terminal phosphate is still highly protonated (52). 

A computer analysis including both ai and car data was performed and 
a satisfactory fit for the ty data could be obtained only if the 
lanthanide ions bind predominatly to the 8 and y phosphate oxygens 
and are further removed from the a phosphorus. This apparent 
reversal was considered acceptable due to the large error limits 

in the zip data. Their use of the lanthanide gadolinium (III) is 
limited since Gd(III) is primarily a broadening agent. However, 
their proton te data for the metal indicates that there is no 


effective ring interaction which is in agreement with the present 


13, results. 


Kinetic Study of Gd(III) - ITP 

In this discussion, two points concerning the kinetics 
need to be discussed. The first of these concerns the possibility of 
the Gd(ITP), (ML, ) species; which must be considered in addition 
to the Gd(ITP) (ML) species since gadolinium (III) has a large 
co-ordination number (35,53) and the experimental conditions are 
such that [L] >> [M]. Secondly, it has been shown (54) that for 
the Mn(II) (ATP) complex, two NMR exchange mechanisms are present 
in solution and that one of ‘these show a kinetic dependence on the 
ligand concentration term [L]. The latter of these two points 
introduces an interesting problem, namely that of a 3 - site exchange 
rather than a 2 - site exchange which was developed in the theory 


section. Recent analyses of the three site case, (55,56) have shown 
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-1 -1 
that for fast exchange, es = EX Toa where To is the transverse 


relaxation of the nucleus in site i and X, is the corresponding 


concentration or rate constant ratio. For the slow exchange region, 


1 -1 -l . 
2p becomes Soy. = wing where ‘iy is the 


the expression for T 
lifetime of the nucleus in site i with respect to the i+ j exchange. 
These results are of great importance since they indicate that the 
qualitative analysis of fast and slow exchange, developed so far in 
this thesis in terms of two site exchange, is just as valid for the 
three site case. 


Having thus introduced the possibility of the ML, species 


2 


as well as the concept of different exchange mechanisms, the kinetics 


for the Gd(III)-ITP system can be described in terms of a combination 
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of 4 steps 
k) | 
bol og Ey Se NE Ky = k, /k_| [28] 
k 
-1 
ky 
k 
2 
K, 
Mi ta = 
oe ML, K, k,/k_, [30] 
-3 
‘ ky, 
ML, + | Vigh)  ramememere, = UUUIEES 3 6b [31] 


The unbound ligand term L, is formally dependent upon the 


degree of stacking. However, such stacking effects are due to 


intermolecular effects and are not expected to compete with the larger 


metal - nucleotide stability constants. 
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At this point, in order to simplify the analysis, two 
possibilities will be discussed. 
CASE 1: 

The ML, complex does not exist in solution and only the 


ML complex is present. In this case, equations 30 and 31 may be 


omitted and two mechanisms remain: 


M + L Ey ML (Eigen - Tamm) 


ML + L* k, Mi aL (direct ligand exchange) 


This particular system has been studied in detail by 
Pearson and Lanier (57) and Kuntz and al (54) and expressions for the 
slow exchange region have been derived as follows: 


a = kM] + k, [ML] [32] 


Since for mechanism (28) the following relationship is valid: 


ft, = k [MI /k_, 


Ty Oy 


Then by substitution, equation 32 becomes: 


Ty = ky + k, [1] [e333 


The lifetime Ty» corresponds to species L as it exchanges 
from one environment to another. A plot of SW Oe vs ate is shown 
in Figure 10 for the ligand "L" as a function of the concentration of L. 
(A similar plot has been given for the Mn(II)-ATP system (54)). These 
data were then normalized and replotted in Figure 11 from which it can 


be seen that ce does not show any dependence on [L] (within experimental 
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solutions (see Figure 10 and Table VII). 
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error). Hence the direct Jigand exchange mechanism does not contribute to 


M : and equation 33 then simplifies to 


any significant extent to T 


ei lod 
the form TH e koa 


From Figure 11 (as well as Figure 9) it can be seen that 


at 25°C, WER = ky se .5 C05) 10° Seruse In addition 


Valentine and Cottam (17) calculated a dissociation constant of 


0.1 uM for Gd-ATP (pH=6.0, » = 0.1M, T= 28°C). Since K, = k,/k_, 


and putting in the proper numbers one obtains a value of 


-1 
k, = 1. 5(4+1) x 1c tsec at 25°C. The magnitude of this number must 


be considered suspect since a diffusion control limit in the range 


of ihren eens (58) would be expected for this system. This apparent 


discrepancy is quite significant since it indicates that the 


Gd(III)-ITP system should be analyzed in terms of an ML, species. 


2 


In the above calculation it was assumed that the dissociation constant 
for the Gd-ATP system can be applied to the Gd-ITP system. 
If we now turn our attention to equation 10 and use the 


appropriate values for the exchange rate T oH, then aut = 10.6 Kceal 


M 
meen which compares quite well with that for Mn(II)-ATP (11) and 


in =1 
Mn(II)-ITP (59) mt = 11 Kceal mole “). However, the exchange rate 


ane is about an order of magnitude longer than that observed for 


the Mn(II)-ITP system (ohio cece) (59). The exact reason for 


this is not known. 


The ML. complex does exist in solution. For this case, 


all four steps illustrated by equations 28 to 31 must be considered 


-1 


in order to obtain an expression for Ty 
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In equation 34, the term k, 1] may be neglected since a free 


metal ion concentration [M] < On oe (observed when K, = 10! and 


1 
: Zhe : Pe = 1 : : 
assuming KK, 2 10°) implies that k, 2 10° sec ', which is greater than 
.the diffusion control limit. Expressing the concentration of ML in 


terms of ML. and making several substitutions equation 34 now becomes 


1, /(MLy] = (k,/Ky + kg) CV/IL)) +k, [35] 


Any further analysis of the slow exchange region for 
Case 2 is limited by an assumption concerning the magnitude of the 
term K.- Specifically: if the stability constant (K3) is large 
enough so that [ML. ] does not charge significantly with [L], then the 


direct dependence of ray on the concentration term [L] indicated in 
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Figure 10 implies that (k,/K, + k_3) contributes to the Th 


while the term (k,) does not. 


In Figures 10 and 1l, different turn over regions are 
observed for the 0.1M[ITP] and 0.01M[ITP] solutions, indicating that 


at the higher temperatures i CELTS, and Ae, are not equal. 
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According to equation 9 there are two factors (i.e. f mae) which 


control the observed transverse relaxation time while under fast 


exchange control. If we assume that the a (specifically TA 


term is the same for both the 0.1M and 0.01M cases then whatever 


) 


differences there may exist in T originate from the normalization 


2p 
term fi Since the concentration of the metal (M) is the same for 


both cases and the ligand (L) is in excess, then the bound sphere 


concentration (ML, ) can change only if the stability constant K, 


is small enough to permit a significant change in [ML. ] witheped C54): 


If on the other hand K, is large (i.e. [ML ] constant) then the fact 


that the 0.01M Gd(III)-ITP enters the fast exchange region at a lower 
temperature that the 0.1M Gd(III)-ITP solution can be explained as a 
result of the reduction of the stacking of the Teena EL #4n solution. 
This phenomenon would result in a smaller metal ion - ligand complex 
(i.e. decreased ligand stacking) in solution. Hence the rotational 


tumbling rate Tp of the complex would be faster; t 
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smaller and therefore ri would be controlled by Tou : at lower 


temperatures (equation 11). 


Summary 


The present results indicate that for the Gd(III)-ATP 
and Gd(III1)-ITP cee the metal ion binds equally to all three 
phosphate oxygens, that the extent of this binding is the same for 
both nucleotides, and that there is no significant metal ion ring 
interaction in either case. In addition, it appears that there is a 


significant difference in the interaction of the metal ions Gd(III) and 
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Mn(il) with the adenosine and inosine triphosphate systems. In fact, 
although this study is not conclusive in terms of the structure of 
the species in solution, it does appear to indicate that gadolinium (III) 
resembles the alkaline earths (16-20) more than manganese (II) in terms 
of binding to nucleotides. 

Of great importance remains the question concerning the 
mature of the gadolinium (III) ~ nucleotide complex in solution. 


In order to show beyond any doubt that the ML, complex does exist, 
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a more extensive kinetic analysis must be carried out to determine 


the magnitude of K This might be best achieved through the use 


3° 
of techniques such as laser T-jump where the individual rates of 


dissociation and association could be observed. To conclude, 


however, that the ML 


2 species does not exist requires that we 


accept, based on this study, an unusually large rate constant for 
the M + L > ML association as weli as a bound sphere relaxation 


extremely sensitive to nucleotide stacking. 
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